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Abstract
Objective—We seek to identify potentially modifiable determinants associated with variability
in leptomeningeal collateral status in patients with acute ischemic stroke.
Methods—Data are from the Keimyung Stroke Registry. Consecutive patients with M1 segment
middle cerebral artery (MCA) ± intracranial internal carotid artery (ICA) occlusions on baseline
CT-angiography (CTA) from May 2004 to July 2009 were included. Baseline and follow-up
imaging was analyzed blinded to all clinical information. Two raters assessed leptomeningeal
collaterals on baseline CTA by consensus, using a previously validated regional leptomeningeal
score (rLMC).
Results—Baseline characteristics (n=206) were: mean age 66.9±11.6 years, median baseline
NIHSS 14 (IQR 11-20), and median stroke symptom onset to CTA 166 minutes (IQR 96-262),
Poor collateral status at baseline (rLMC score 0-10) was seen in 73/206 (35.4%). On univariate
analyses, patients with poor collateral status at baseline were older, hypertensive, had higher white
blood cell count, blood glucose, D-dimer, serum uric acid levels, and were more likely to have
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metabolic syndrome. Multivariable modeling identified metabolic syndrome (OR 3.22 95% CI
1.69-6.15, p<0.001), hyperuricemia (per 1 mg/dl OR 1.35 95% CI 1.12-1.62, p<0.01) and older
age (per 10 years, OR 1.34 95% CI 1.02-1.77, p=0.03) as independent predictors of poor
leptomeningeal collateral status at baseline.
Conclusion—Metabolic syndrome, hyperuricemia and age are associated with poor
leptomeningeal collateral status in patients with acute ischemic stroke.
Keywords
Leptomeningeal collaterals; Metabolic syndrome; Hyperuricemia; Ageing; Acute ischemic stroke;
Determinants
Introduction
Leptomeningeal collaterals are pre-existing anastomoses that cross-connect a small number
of distal-most arterioles within the crowns of the cerebral artery trees.1, 2 These collaterals
represent potential endogenous bypass vessels capable of maintaining blood flow to brain
regions that would otherwise die during an acute ischemic stroke. There is robust evidence
from imaging studies among patients with acute ischemic stroke to show that the extent of
these collaterals at baseline exhibits substantial variability and that patients with fewer
collateral vessels have worse outcomes.3-8 The determinants of variability in collateral
abundance in patients with acute ischemic stroke are largely unknown.8 However, animal
studies point to genetic polymorphisms in genes that control formation of the collateral
circulation in tissues during development, 9-11 as well as environmental factors (e.g. ageing,
chronic endothelial dysfunction) that are associated with thinning of these collaterals and
more severe tissue injury in models of ischemic stroke and peripheral artery disease.8,12
Previous pilot studies have shown weak associations between a history of hypertension and
poor collaterals, and between use of statins and good collaterals.7, 9 Age, ischemic pre-
conditioning and presence of cardiovascular risk factors are all hypothesized as determinants
of native collateral status.3, 10, 11 We sought to examine potential determinants of native
leptomeningeal collaterals in large cohort of well-studied acute ischemic stroke.
Methods
Data are from the Keimyung Stroke Registry, an ongoing single center prospective cohort
study of patients with acute ischemic stroke presenting to the Keimyung University Hospital
in Daegu, South Korea. We included patients presenting with acute ischemic stroke with M1
segment middle cerebral artery (MCA) +/− intracranial internal carotid artery (ICA)
occlusions on baseline CT-angio during the time period May 2004 to July 2009 in the study.
All patients undergo a non-contrast CT head at admission followed by CT-angiography of
the head and neck. Information on demographic and clinical characteristics, medical history,
admission physical examination findings including height, weight and waist circumference,
and laboratory parameters including complete blood count, blood glucose levels, INR, C-
reactive protein (CRP), and erythrocyte sedimentation rate (ESR), are collected at baseline.
Fasting blood sugar, glycosylated hemoglobin (Hb), serum uric acid (on fasting sample),
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homocysteine, fibrinogen, D-dimer and lipid panel are collected the next morning. Stroke
severity is assessed using the National Institute of Health Stroke Scale (NIHSS) at baseline,
immediately after treatment, at discharge and at 90 days. Functional status is assessed using
the modified Rankin Scale (mRS) at similar time-points. Interval times from stroke
symptom onset to presentation in emergency room (ER), imaging, thrombolysis and
endovascular procedures are also collected. The local Institutional Review Board approved
the study.
In 71 patients who either woke up with or did not have witnessed onset of stroke symptoms,
we imputed stroke onset time as midpoint between “last seen normal time” and “time
discovered with stroke symptoms”. Metabolic syndrome was defined as the presence of 3 or
more of the following components: (1) serum triglycerides <= 150 mg/dL); (2) HDL
cholesterol < 40 mg/dL for men and < 50 mg/dL for women; (3) fasting plasma glucose >
110 mg/dL or use of anti-diabetic medication; (4) blood pressure >=130/85 mm Hg or
medication use and (5) abdominal obesity.12 Abdominal obesity was defined as per the
revised Asia-Pacific criteria suggested by the World Health Organization Asia Pacific
Region.13, 14
Standard non-helical NCCT was performed on a multi-slice scanner (Siemens, Forchheim,
Germany) using 120 kV, 170 mAs with 5,mm slice thickness. NCCT was followed by CTA
with a helical scan technique. Coverage was from arch to vertex with continuous axial slices
parallel to the orbitomeatal line with 0.6 mm to 1.25 mm slice thickness. Acquisitions were
obtained after a single bolus intravenous contrast injection of 90-120 ml nonionic contrast
media into an antecubital vein at 3-5 ml/sec, auto-triggered by appearance of contrast in a
region of interest manually placed in the ascending aorta. Baseline and follow-up imaging
was analyzed at the imaging core lab of the Seaman MR center and the Calgary Stroke
Program. OsiriX version 3.5 (http://www.osirix-viewer.com), an image processing software
designed for multi-planar reconstruction and volume rendering was used to reconstruct 2D
multi-planar reconstruction images in axial, coronal, and sagittal planes using 24-mm-thick
slabs. Leptomeningeal collaterals were assessed on baseline CT-angio by consensus (BKM,
SIS) using the regional leptomeningeal score (rLMC).3 This ordinal 20 point score assesses
pial arterial enhancement within the total vascular territory supplied by the occluded arterial
segment to similar maximal enhancement on the opposite unaffected hemisphere using an
ASPECTS based template.3, 15 The score has demonstrated good inter-rater reliability.3
Both readers were blinded to all clinical information and follow-up data at the time of
reading the scans.
Statistical Analyses
Data are reported using conventional descriptive statistics. Potential predictor variables were
determined based on causal relevance and availability of data (Table 1). Less than 5% of
data for candidate predictor variables were missing except for glycosylated hemoglobin
(Hb); therefore glycosylated Hb was excluded from multivariable analyses. Otherwise,
missing data were imputed to the median value except for height, weight and waist
circumference where missing data were imputed to the sex-specific median value. The
primary outcome was the rLMC score dichotomized as 0-10 (poor) vs. 11-20 (good).3
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Sensitivity analyses without imputed data were also performed and did not show any
difference in results (data not shown). Predictor variables showing significance (p<0.05) in
the above analyses were assessed for clinical relevance. Blood glucose and raised white
blood cell count that are potentially causal but also hypothesized to increase with increased
stress (due to stroke severity and poor collateral status at baseline) were excluded from
further analyses.16 In addition, multi-collinearity was assessed using Spearman’s ranked
correlation and Bonferroni’s correction for multiple comparisons. Only variables identified
as statistically significant in univariate analyses (p<0.05) and hypothesized as causal were
included in multivariable logistic regression modeling. Variables showing correlation (r ≥
0.25) and therefore possibly not independent of each other were not included in the same
model. Two-way multiplicative interactions were explored between relevant predictor
variables included in the model. Model building was done manually using a combination of
backwards elimination and forward selection until a parsimonious model was achieved
which includes only predictor variables conventionally significant at α=0.05. We tested for
an interaction between metabolic syndrome and time from stroke symptom onset to CT time
(dichotomized as ≤ 90 minutes and > 90 minutes) in predicting poor collateral status,
reasoning that if accumulating stroke-related stress increases blood pressure and serum
glucose causing false “metabolic syndrome”, then an association between apparent
“metabolic syndrome” and poor collaterals might be seen in the later time window. Since
leptomeningeal collateral status is measured on CT-angiography using an ordered
categorical scale (rLMC score), similar models as above were retested using a proportional
odds approach where the outcome is analyzed as per 4 different thresholds for poor
collateral status (cut 1: rLMC score 0-15 vs. 16-20, cut 2: rLMC score 0-10 vs. 11-20 and
cut 3: rLMC score 0-5 vs. 6-20). The proportional odds assumption tested using the Brant
test was satisfied. (p=0.2). All p-values are two-sided, with p<0.05 considered statistically
significant. Analyses were performed using Stata/SE 12.1 software (Copyright 1985-2011
StataCorp LP).
Results
During the study period, there were 286 patients with documented anterior circulation
occlusions on baseline CT-angiography. After excluding 43 patients with a documented
MCA occlusion beyond the M1 MCA segment, 28 patients with isolated ICA without M1
MCA occlusion, 7 patients with simultaneously detected occlusions in the posterior
circulation or contralateral ICA territory and 2 patients with poor image quality, 206 patients
were included for analyses. The baseline characteristics and outcomes are described in Table
1. Thirty-eight patients (18.5%) were treated conservatively, 79 (38.4%) received IV t-PA
with or without endovascular therapy and 89 (43.2%) were treated with endovascular
therapy alone. Significant correlation was noted between baseline ASPECTS on NCCT and
collateral status (Spearman’s correlation coefficient r=0.54, p<0.0001).
Patients with poor collateral status at baseline were older, more frequently hypertensive and
had higher blood glucose values and higher white blood cell (WBC) count at baseline. They
also had higher D-dimer and serum uric acid levels (measured the following morning) and
were more likely to be labeled as having metabolic syndrome. (Table 1). We explored the
relationship of A) metabolic syndrome, serum uric acid and hypertensive status and B)
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metabolic syndrome, serum uric acid and D-dimer levels in poor collateral status. D-dimer
levels are known to be associated with history of hypertension; so these variables were not
included in the same model.17 Both models A and B included three predictor variables, two-
way interactions between these predictor variables and a term testing for joint modification
of “metabolic syndrome” by the other two variables. Multivariable modeling using both
model A and B identified metabolic syndrome and raised serum uric acid as independent
predictors of poor leptomeningeal collateral status at baseline. Hypertensive status and
serum D-dimer levels did not modify or confound the association between metabolic
syndrome, serum uric acid and the outcome variable (poor collateral status). The final model
using forward selection included age in addition to metabolic syndrome and serum uric acid
and identified all three as significant independent predictors of poor collateral status (Table
2). Age did not modify or confound the association between metabolic syndrome and raised
serum uric acid with poor collateral status. A sensitivity analyses restricted to patients with
isolated M1 MCA occlusions showed similar results (Table 3). We also did not find a
statistically significant interaction between metabolic syndrome and stroke onset to CT time
in a model including serum uric acid and age as the other predictor variables. (Likelihood
ratio statistic, p=0.99).
In a sensitivity analysis using a proportional odds approach, we tested the final model C and
found similar results across 3 different cuts for the outcome (poor collateral status defined as
cut 1: rLMC score 0-15 vs. 16-20, cut 2: rLMC score 0-10 vs. 11-20 and cut 3: rLMC score
0-5 vs. 6-20) (Table 4). The parallel regression assumption for this model was not violated
as per Brant’s test (p=0.2) suggesting that metabolic syndrome, raised uric acid and age
were independent predictors of poor collateral status (defined in 3 different ways on an
ordered categorical scale).
Discussion
In this study, we identified the presence of metabolic syndrome, hyperuricemia and ageing
as independently associated with poor baseline leptomeningeal collateral status among
patients presenting with acute ischemic stroke. Variability in native leptomeningeal
collateral status can to a large extent be explained by genetic and environmental
determinants. Animal studies have been particularly informative, demonstrating the presence
of genetic determinants of variation in collateral extent and that natural ageing and
experimentally induced endothelial dysfunction cause a reduction in the density of native
collaterals in brain and other tissues.10, 11, 18-20 Although studies in the coronary vascular
bed in humans have suggested that cardiovascular risk factors including dyslipidemia,
hyperglycemia, hypertension, smoking, obesity and ageing may contribute to variability in
collateral extent, many of the associations remain uncertain, and causal mechanisms
unknown.21, 22 Studies examining the determinants of variability in native leptomeningeal
collateral status in humans have been limited.3, 8, 9 History of hypertension and higher
systolic blood pressure on admission have been associated with poor collateral status at
baseline, and statin use with good collateral status, in patients presenting with acute
ischemic stroke, although the evidence has not been compelling.7, 9
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Patients with metabolic syndrome are proposed to have insulin resistance, endothelial
dysfunction, decreased circulating adiponectin and heightened expression of plasminogen
activator inhibitor-1 (PAI-1) that may negatively influence vascular remodeling and
potentially causing microvascular rarefaction and reduction in cerebral arteriolar diameter
(external and luminal).23, 24 Likewise, only a preliminary report addresses this question in
experimental studies, finding in a mouse genetic model of chronic metabolic syndrome that
the native collateral circulation in brain and hind-limb experiences rarefaction (decline in
collateral density and diameter), resulting in more severe tissue loss in models of
ischemia.25 Ours is the first study to report on an association between metabolic syndrome
and poor leptomeningeal collateral status in humans.
There is a growing body of evidence linking raised serum uric acid to cardiovascular risk
and increased arteriolar stiffness.26-28 Endothelial dysfunction and vascular smooth muscle
proliferation are hypothesized as possible mechanisms.27, 29 Hyperuricemia is known to be
associated with hypertension, chronic kidney disease, insulin resistance and the metabolic
syndrome.26 Controversy still exists as to whether it is a marker of these diseases or a causal
factor.26, 30 Our results suggest that hyperuricemia is associated with poor collateral status
after adjusting for age, presence of hypertension, serum D-dimer level and metabolic
syndrome. Recent evidence that hyperuricemia is an independent predictor of increased
arteriolar stiffness in normal Korean men potentially supports the view that it is causal and
reduces collateral status by either causing endothelial dysfunction or decreasing dilatatory
capacity of the pial arteries.28.
We are also able to confirm findings from animal studies that increasing age results in
worsening native collateral status.10, 11 This association may be mediated by age-associated
leptomeningeal collateral rarefaction.10, 11 Indeed, experimental studies have led to the
suggestion that endothelial Nitric Oxide Synthase (eNOS) derived nitric oxide is a
maintenance factor for collateral vessels, resulting in their rarefaction with prolonged
endothelial dysfunction. 11
Acute hyperglycemia adversely affects s troke outcome.31 It could potentially have a
primary role in determining leptomeningeal collateral status. We did find an association
between hyperglycemia and poor collateral s tatus on univariate analyses. We did not
however have data on glycosylated Hb in more than 10% of our patients. Glycosylated Hb is
an indicator of raised blood sugar before stroke symptom onset and is less likely to be
affected by stroke severity than blood glucose measured after stroke onset. The current study
was unable to distinguish between raised blood glucose prior to s troke s ymptom onset that
could affect collateral status and raised blood sugar after stroke onset possibly as a result of
increased s tress due to the s troke itself. We did not, however, find any association between
previous diabetic status and poor collaterals.
Chronic hypertension was not a significant predictor of poor collaterals after adjusting for
presence of metabolic syndrome and hyperuricemia. Patients with metabolic syndrome may
already have the pathological milieu for hypertension even when there is no clinically
detected hypertension. Animal literature suggests that chronic hypertension impairs
dilatation of collateral blood vessels in the cerebral circulation.32 In a recent study,
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spontaneously hypertensive rats had poor collaterals when compared to normotensive rats;
but had increased collateral growth and improved blood flow to ischemic brain after
treatment with Angiotensin II AT 1 receptor blockade.33 Patients with metabolic syndrome
or chronic hypertension could potentially improve collateral status with such treatment.
Elevated D-dimer levels are hypothesized to potentiate pro-inflammatory cytokines and
possibly cause endothelial dysfunction.34 We did not find any evidence for its association
with poor collateral status. We also did not find any role of sex in determining
leptomeningeal collateral status.35
Our study has limitations. We did not have access to pre-stroke fasting plasma glucose and
blood pressure recordings, and therefore used values collected on presentation to the
emergency room, instead. These subcomponents of the metabolic syndrome could be
affected by the stroke itself.36 However, we did not find an increasing prevalence of
metabolic syndrome with increasing time from stroke symptom onset, which would be
expected if accumulating stroke related stress results in raised plasma glucose and blood
pressure. There is, in addition, evidence to suggest that lipid levels remain stable in the first
few days of an acute ischemic stroke and are not associated with an acute phase reactant
response.37, 38 Given that metabolic syndrome is only diagnosed if 3 or more of 5
components are present, we think that substantial over-estimation of the metabolic syndrome
is unlikely. We cannot entirely exclude the possibility that hyperuricemia could simply be a
marker of more severe strokes or, potentially, a neuro-protective response to stroke.30
However, our findings are consistent with a growing body of evidence that suggests that
hyperuricemia could inhibit collateral function by causing endothelial dysfunction.26-28 Our
patient cohort is East Asian; as such our findings may only apply to the population we
studied. Our study needs to be validated in other patient cohorts. Nonetheless, our study is
the largest to date examining determinants of leptomeningeal collateral status in detail.
Our study findings are hypothesis generating and warrant confirmation in independent
studies. Metabolic syndrome and hyperuricemia are modifiable determinants of collateral
status. Exercise, high fiber and low fat diet, weight loss, metformin, thiazolidinediones,
statins, angiotensin receptor blockade, low purine diet, xanthine oxidase inhibitors and
uricosuric agents are all potential interventions whose role in improving native collateral
status could be studied in future. The knowledge thus gained could focus research on clinical
trials and appropriate therapeutic strategies to enhance leptomeningeal collaterals or
augment their function either preventively before stroke onset, or in the acute phase after
stroke onset.
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Table 1
Variables stratified by good vs. poor baseline leptomeningeal collateral status on CT-angio (n=206). * Lab
parameters measured at presentation.
Good Leptomeningeal
Collaterals
( rLMC score 11-20) (n=133)
Poor Leptomeningeal




 Age (in yrs, mean+/− SD) 65.6 +/− 12.2 69.1 +/− 10.1 0.04
 Sex (male, %) 54.90% 47.90% 0.38
Baseline Clinical Measurements
 Height in cm (IQR) 163 (14) 162.5 (13) 0.84
 Weight in Kg (IQR) 60 (11) 60 (13) 0.34
 Waist in cm (IQR) 82 (12) 81 (23) 0.96
 Body Mass Index in kg/m2 (IQR) 22.5 +/− 4 22.9 +/− 3.02 0.38
 Systolic Blood Pressure +/− SD (mmHg) 136.5 +/− 27.2 143.1 +/− 29.2 0.11
 Diastolic Blood Pressure +/− SD (mm
Hg)
82.7 +/− 12.8 83.6 +/− 13.5 0.63
 Temperature (IQR) (celsius) 36.4 (0.6) 36.2 (0.5) 0.01
 Onset to CT time (median, IQR) (mins) 137.5 (147.5) 136.0 (119) 0.19
Pre-morbid Risk Factors
 Hypertension (%) 47.4% 64.4% 0.02
 Coronary arterial disease (%) 34.2% 24.8% 0.19
 Diabetes mellitus (%) 27% 37.0% 0.15
 Smoking (%) 34.1% 31.5% 0.41
 Previous stroke/TIA (%) 18.6% 23.3% 0.27
Laboratory Studies
 Blood Glucose +/−SD (mg/dL)* 133.1+/− 48.1 164.5 +/− 95.5 <0.01
 Hemoglobin in g/dL* (IQR) 13.2 (2.1) 13.7 (2.2) 0.08
 Hematocrit (%)* 38.4 (7.3) 40.3 (6.2) 0.07
 WBC count in cells/mL* (IQR) 7780 (3280) 8460 (3940) 0.02
 Platelet count in cells per mL* (IQR) 235000 (93,000) 230000 (72,000) 0.27
 ESR mm/hr* (IQR) 11 (14) 12 (17) 0.98
 CRP in mg/L* (IQR) 0.38 (1.01) 0.38 (1.17) 0.85
 INR IU* (IQR) 1 (0.12) 1 (0.12) 0.29
 D-dimer mcg/mL (IQR) 1 (2.1) 2.25 (4.2) <0.01
 Serum Fibrinogen mg/dL (IQR) 253 (103) 268 (99) 0.18
 Serum Homocysteine μmol/L (IQR) 10.52 (5.7) 11.02 (5.7) 0.46
 Serum Uric acid mg/dL (IQR) 4.8 (2.5) 5.3 (2.2) <0.01
 Total Cholesterol mg/dL (IQR) 175 (64) 180 (42) 0.38
 Triglycerides mg/dL (IQR) 83.8 (59.1) 90.6 (47.5) 0.15
 HDL-C mg/dL (IQR) 45.3 (14.5) 46.1 (13.9) 0.73
 LDL-C mg/dL (IQR) 103.5(52.3) 117.3 (29.8) 0.09
 Metabolic Syndrome 21.50% 46.60% <0.01
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Good Leptomeningeal
Collaterals
( rLMC score 11-20) (n=133)
Poor Leptomeningeal




 mRS 0-2 at 90 days 40.60% 19.20% <0.01
rLMC score indicates regional leptomeningeal collateral score; IQR, Interquartile Range; SD, Standard Deviation; WBC, White Blood Cell; mL,
milliliter; ESR, Erythrocyte sedimentation rate; CRP, C-reactive protein; INR, International Normalized Ratio; mcg, microgram; mg, milligram;
dL, deciliter; μmol, micro-mole; L, liter; HDL, High density lipoprotein; LDL, Low density lipoprotein; mRS, modified Rankin Scale.
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Table 2






of OR p value
Metabolic Syndrome 3.22 1.69 6.15 <0.001
Serum Uric Acid (per 1
mg/dL) 1.35 1.12 1.62 0.001
Age (per 10 years) 1.34 1.02 1.77 0.033
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Table 3
Final model (Sensitivity Analyses) predicting poor leptomeningeal collateral status (rLMC score 0-10) using






of OR p value
Metabolic Syndrome 2.17 1.24 5.21 0.02
Serum Uric Acid (per 1
mg/dL) 1.43 1.08 1.88 0.01
Age (per 10 years) 1.48 1.02 2.23 0.04
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Table 4
Proportional odds model predicting poor leptomeningeal collateral status (cut 1: rLMC score 0-15 vs. 16-20,
cut 2: rLMC score 0-10 vs. 11-20 and cut 3: rLMC score 0-5 vs. 6-20). Brant test p value = 0.16 suggesting









Metabolic Syndrome 2.27 1.25 4.11 0.007
Serum Uric Acid (per 1
mg/dL) 1.25 1.08 1.46 0.003
Age (per 10 years) 1.51 1.19 1.92 0.002
β0 coefficients with 95% CI for poor collaterals at each pre-specified cut
/cut 1 2.6 0.84 4.37 N/A
/cut 2 4.89 3.01 6.76 N/A
/cut 3 6.65 4.68 8.61 N/A
Ann Neurol. Author manuscript; available in PMC 2014 June 07.
